Purpose: The primary objective of this study was to calculate the report rate of angiotensinconverting enzyme inhibitor-related angioedema (ACEi-AE). Secondary objectives were to determine factors suspected to affect the likelihood of ACEi-AE being reported and to investigate potential differences in angioedema risks between different ACEis. Patients and methods: Patient data from two cohorts comprising 176 patients with ACEi-AE were compared with report data from the Danish Adverse Drug Reactions Database, administered by the Danish Medicines Agency (DKMA). The study period was 1994-2015. Data were linked using unique personal identification numbers and birth dates. Cohort data and report data were compared with ACEi sales numbers from MedStat, an official database containing annual pharmaceutical drug sale data in Denmark. Results: ACEi-AE was reported in two out of 176 cases resulting in a report rate of 1.1%, meaning that 98.9% of the cases were not reported. Since 1994, a total of 417 ACEi-AE reports were made to the DKMA. Fifty-eight percent of these were made by general practitioners or physicians with unknown workplaces and 35% by hospital staff. Enalapril and ramipril were the most sold ACEi's in the study period (40.3% and 42.6%, respectively). Enalapril was associated with 54.7% of ACEi-AE reports while ramipril was associated with 14.2%. ACEi substance received was known for 141 cohort patients, of which 53.9% were prescribed enalapril and 17.0% received ramipril.
Introduction
Knowledge about and management of adverse drug reactions (ADRs) is an important part of modern medicine, as some can severely harm patients' health and potentially be life-threatening. [1] [2] [3] One of the primary methods of pharmacovigilance is collecting data from spontaneous reports and storing these in ADR databases for analysis. 2 These add to data from clinical studies, which often consist of selected study-populations and have limited follow-up periods. Also, adverse drug events in clinical trials are not always reported in optimal ways. 4 A limitation of ADR databases is that they require a sufficient number of reports to avoid underestimating ADR incidences. Unfortunately, studies show a tendency for healthcare professionals to underreport severe and non-severe ADRs. [5] [6] [7] [8] The European Union (EU) implemented the pharmacovigilance legislation in 2012 due to increased awareness of ADRs causing~197,000 deaths annually in the EU. 9 The legislation was accompanied by an implementation regulation and a guideline on good pharmacovigilance practices. 9 In Denmark (population of 5.7 million inhabitants), it is compulsory for physicians to report all ADRs for drugs marketed within 2 years, after which only unexpected and serious ADRs have to be reported. 3, 10 It is possible, but not required, for non-physician healthcare professionals, patients, relatives and other officials to report ADRs.
Angiotensin-Converting Enzyme-inhibitors (ACEi), which are commonly used to treat conditions such as hypertension, diabetic nephropathy and congestive heart failure, can sometimes cause severe swellings of skin and mucosa also known as angioedema (AE). 11 ACEi-related AE (ACEi-AE) predominantly occurs in the head and neck area and has the potential to become life-threatening due to asphyxiation when located in the upper airways. [12] [13] [14] [15] It is important to terminate ACEi usage and register it as being contraindicated for ACEi-AE patients. 12, 16 Despite occurring in only 0.2-2.5% of the treated patients, ACEi-AE has a relatively high prevalence, since more than 40 million people worldwide are currently receiving an ACEi and the usage is rising. [16] [17] [18] AE has been observed as an ADR of various other pharmaceuticals and in relation to other medical conditions, ie, allergy, making the diagnosis difficult. 14, 15, 19, 20 ACEi-AE can occur years after first drug dispensing, which may reduce suspicion of drug-related AE. 14, 21 No diagnostic test has been found to rapidly and effectively distinguish between AE subtypes. 14, 22 Failure to diagnose ACEi-AE can be assumed to reduce the report rate and delay ACEi withdrawal, potentially endangering patients. 14, 15, 22, 23 
Aims
The main objective of this study was to link two previously formed cohorts of Danish ACEi-AE patients with the Danish ADR Database to calculate the report rate. Secondary objectives were to determine factors related to the likelihood of an ADR being reported (ie, profession, department or severity of the ADR) and to identify potential differences in AE risks between ACEi's.
Materials and Methods
The STROBE guideline was employed during the execution of this study. 24 
Study Design
The present study is an observational retrospective cohort study. The study period was 1994-2015.
Study Population
The study population comprised 176 adult patients (71 males, 105 females) from two cohorts. Cohort 1 comprised 105 (38 males; 67 females) patients who were diagnosed with ACEi-AE. 13 These patients were part of a larger AE cohort comprising 612 patients diagnosed at Odense University Hospital (DK) between 1994 and 2015 (unpublished data). The first ACEi-AE patient was diagnosed in 2003. Cohort 2 comprised 77 patients prospectively included in the PREDICTION-ADR project between 2014 and 2016. 25 Six patients in cohort 2 were excluded since they were diagnosed with angiotensin II antagonistrelated AE.
The Danish ADR Database
In Denmark, ADRs are reported electronically to the Danish Medicines Agency (DKMA). 26 Data are stored in the Danish ADR Database. When reporting an ADR, it is mandatory to fill in symptoms, patient outcome, name of the suspected pharmaceutical and at least one identifier of the patient, which include birth date, age, personal identification number (the Danish Civil Registration System: CPR number), gender or patient initials. 27 
Data Extraction from Danish ADR Database
A request for a data export comprising all ACEi-AE reports was sent to the Danish ADR Database (see Supplementary Material 1). The linkage and further data retrieval were handled by a DKMA Special Advisor (pharmacist). Data import/export was handled through a secure hospital mailbox. Data from reports received from 1994 onwards were requested, as this was the earliest time that the study population could have been diagnosed with ACEi-AE. The CPR number was used to link each cohort patient data to the potential ADR report. Attempts (digital search in the database) were made to link the patient data to ADR reports using birth date for reports lacking CPR numbers. An overview of the study population and the ADR report data is shown in Figure 1 .
The Danish ADR Database was searched for ACEi-AErelated terms using the international ADR coding system Medical Dictionary for Regulatory Activities (MedDRA), Figure 1 Structure of the present study. Notes: Cohort 1 is a retrospective cohort study. 13 Cohort 2 is a case-control study. 25 Abbreviations: ACEi-AE, ACE-inhibitor-related angioedema; DKMA, Danish Medicines Agency; CPR, personal identification number. which contained 42 AE-related search terms (see Supplementary Material 2). The obtained information was used to calculate the proportion of ACEi-AE cases in the study population that were reported to the DKMA in order to estimate the report rate for ACEi-AE in Denmark in the study period.
MedStat
Data on medicine sales were collected from the MedStat Database, an official public database containing pharmaceutical drug sale data in Denmark between 1996 and 2017. 28, 29 An export of sales numbers for ACEi's sold in Denmark between 1997 and 2016 was created and the sales proportion for each ACEi substance was compared with the proportion of ACEi substances causing AE in the study population and causing reports to the DKMA, respectively. 
Statistical Methods

Ethical Considerations
The Danish Data Protection Agency approved this study (case number 14/35206). The authors took every measure to ensure that no published results were personally identifiable.
Results
Linking the CPR numbers of the 176 patients from the study population to the ACEi-AE reports in the Danish ADR Database gave two matches. Attempting to link cohort patient data with the ADR reports that did not include CPR numbers using birth date did not provide additional matches. The calculated overall report rate for all studied ACEi-AE patients in the study population was two out of 176 (1.1%). Of the two matches, one case (enalapril, 2010) was reported by a physician. The other (trandolapril, 2013) was reported by a lawyer.
According to the export from the Danish ADR Database, a total of 417 cases of ACEi-AE were reported since 1994; 138 included full CPR numbers. Only 3% of ACEi-AE reports received before 2009 contained full CPR numbers, whereas that was the case for 79% of the reports received from 2009 onwards. The total number of annual ACEi-AE reports and the number of reports including CPR numbers can be seen in Supplementary Material 3. The patient data from cohort 1 (105 patients) were collected between 1994 and 2015 with the first ACEi-AE patient included in 2003. Twenty-nine patients were diagnosed between 2003 and 2008 while the remaining 76 were diagnosed in 2009 or later. The 71 patients from cohort 2 were diagnosed between 2014 and 2016. Fifty-eight percent of ACEi-AE reports were made by general practitioners or physicians with an unknown workplace (workplace not being compulsory to enter) and 35% by hospital staff (primarily physicians). Reports by patients and relatives constituted 5% and other healthcare professionals reported 3% (Figure 2 ).
ACEi-AE has been reported to the DKMA as an ADR of eight different ACEi's (Supplementary Materials 4 and 5). Enalapril usage was associated with 54.68% of reports, whereas ramipril was associated with 15.35% and lisinopril with 14.15%. When searching the MedStat Database, it was found that eleven different ACEi-AE substances have been on the market between 1997 and 2016 in Denmark ( Supplementary Materials 6 and 7) . 29 The majority of ACEi sales in this period consisted of enalapril (40.27%) and ramipril (42.6%). The active ACEi substances received by the study population were known in 141 of 176 cases. Seventy-six (53.9%) of the 141 patients received enalapril and 24 (17.0%) received ramipril (see Supplementary Materials 8) . Over time the number of treated individuals in Denmark increased from 55.6 to 282 per 100.000 inhabitants (Supplementary Material 9). Enalapril was most frequently associated with AE in both the ADR database (54.7%) and in the study population (54%). Ramipril caused 15.35% of ACEi-AE reports and was received by 17% of the study population. A comparison of ACEi substances causing ADR reports, the drug-distribution in the study population and the Danish sales numbers can be found in Figure 3 .
Discussion
The low ACEi-AE report rate found in this study (1.1%) suggests that the actual incidence of ACEi-AE is much higher than what could be calculated using information from the Danish ADR Database. This lowers the reliability of the available ACEi-AE incidence data from the database and might lead to an overestimation of drug safety. There were an insufficient number of matches between cohort patient data and ACEi-AE reports to find any statistically significant correlations between variables The primary method of data linkage was by comparing the CPR numbers, which presented a challenge, as the Danish ADR Database included reports without full CPR numbers. This was less of an issue when linking patient data to ADR reports made in 2009 or later, as only 21% of these lacked full CPR numbers. Since all data from cohort 2 were collected from patients diagnosed after 2009, the risk of not identifying patients from that cohort due to lack of CPR numbers in the database was low. This also applies to the data on the 76 patients in cohort 1 that were diagnosed in 2009 or later. Ninety-seven percent of ACEi-AE reports made before 2009 lacked CPR numbers, and thus the chance of a successful data linkage using only CPR was 3% for these reports. This limitation applies to 29 patients in the study population (29 in cohort 1, none in cohort 2). To compensate for this, it was attempted to link the data of these 29 cohort patients to ACEi-AE reports by comparing their birth dates with the ones reported to the DKMA which did not result in additional matches.
As previously mentioned, 58% of ACEi-AE reports to the DKMA originated from general practitioners, while 35% came from hospital staff. Also, 47% of cohort 1 patients were referred from a general practitioner and the remaining 53% from hospitals. 13 The numbers from the Danish ADR Database suggest that Danish hospital staff is less likely to report ACEi-AE than general practitioners. However, data must be interpreted with caution, as the sample size is small. Also, it is possible that general practitioners review their patients more frequently than hospital physicians, potentially resulting in more opportunities to report ADRs. In a previous study by Rasmussen et al, it was found that 91.4% of ACEi-AE patients encountered either their general practitioner (44.76%), the department of internal medicine (26.67%), the emergency department (10.48%) or the department of otolaryngology (9.52%). A campaign aiming to increase ADR report rates for these medical specialties could, therefore, prove effective. 13 A Swedish study from 2004, which investigated reporting tendencies of different severe ADRs at five different Swedish hospitals, found an average report rate of 14% (15 reports of 92 cases). 5 A systematic review conducted in the UK in 2009 found a median ADR underreporting rate of 94%. 31 A retrospective study on the Thai ADR database investigated the characteristics of renin-angiotensin system-(RAS)-blocker-related AE and found only 895 relevant cases between 1984 and 2011 (37 years), despite Thailand having an estimated population of 68,414,135 people. 32, 33 ACEi-AE accounted for 785 (87.7%) of these AE cases. Although the ADR report rates found in these studies were higher than in the present study, there seems to be a tendency to underreport ADRs.
In a systematic review conducted in 2009 by Lopez-Gonzales et al, the most common determinants for underreporting of ADRs were identified to be: medical specialty, ignorance, diffidence, lethargy (including lack of interest or time to report), indifference, insecurity as to whether the drug is responsible for the ADR and complacency. 34 This suggests that underreporting is linked to the attitudes that healthcare professionals have towards the importance of ADR reporting. 34 Besides these determinants, ACEi-AE is, as previously mentioned, commonly misdiagnosed as allergic reactions, which could cause physicians to doubt the association between the patients' AE and ACEi usage, possibly accounting for the relatively lower ADR report rate in the present study compared to other studies.
The main alternative to collecting and analyzing ADR data from spontaneous reports is to obtain ADR incidence data from clinical studies, although this may not be optimal, especially for ADRs like ACEi-AE. Firstly, ACEi-AE is a rare condition per treatment (0.2-2.5%), meaning that very large study populations could be needed to obtain statistically significant data. Secondly, ACEi-AE does not necessarily occur close to the start of treatment, resulting in a need for study periods lasting several years. 35 Thirdly, clinical studies have selected study populations, which increases the risk of various biases and confounders, as opposed to ADR databases, that are designed to include data from all patients receiving the medication.
A randomized controlled trial, where physicians received educational intervention to improve ADR report rates, was conducted in 2014. 36 A relative increase of 65.4% in ADR report rates was found after 8 months of follow-up, which suggests that education might improve reporting tendencies. However, if the report rate found in the present study (1.1%) is taken into consideration, a relative increase of 65.4% is unlikely to substantially improve the quality of ACEi-AE data in ADR databases. Also, the results of ADR education seem to quickly fade, possibly making frequent sessions necessary to secure long-term effects on ADR report rates. 36 In Denmark, a new telephone hotline was established in 2013, where healthcare professionals are able to request suspected ADRs to be reported by a professional. This significantly increased spontaneous ADR report rates during a pilot-study period. 37 When comparing the ACEi substances in ACEi-AE reports to the Danish ADR Database with ACEi sales numbers, enalapril usage was found to be more associated with ACEi-AE than ramipril. This must be interpreted with caution, as the probability of a given active ACEi substance being reported could be subject to confounding (ie, local practices). However, the same tendency was found in the study population, suggesting that enalapril might render treated patients more susceptible to ACEi-AE. A plausible explanation could be the long plasma half-life of enalapril (30 hrs) compared to ramipril (12-15 hrs) . Also, ACEi-induced cough seems to be associated with long-acting ACEi's. 38 Other studies have found a higher incidence of ACEi-AE in patients treated with enalapril compared to other ACEis. 39 
Conclusion
This study has found ACEi-AE to be severely underreported in Denmark. Only 1.1% of ACEi-AE cases in our validated study populations were reported to the DKMA, which limits data quality with regards to prevalence and associated factors.
